stress seen during sepsis-induced organ failure induce changes in the mitochondria that ultimately lead to mitochondrial dysfunction and cell death. The generally accepted theory is that sepsis represents an uncontrolled inflammatory response to a pathogen [6] . While numerous studies have been performed using anti-inflammatory agents, most have failed to identify any beneficial effect and thus have called into question the aforementioned hypothesis of hyper-inflammation [7] [8] [9] [10] .
The protocol followed in the treatment of sepsis or hemodynamic collapse is not consistent among studies. However, general guidelines recommend early goal-directed therapy and supportive measures for hemodynamic collapse. Until recently, therapies focused on addressing macrocirculatory failure, which often exhibits decreased cardiac output or decreased mean arterial pressure. However, immunohistochemical analyses have revealed that apoptosis is not widespread in sepsis, suggesting that mechanisms other than cell death are responsible for the condition's associated mortality [11] . A growing body of evidence indicates that the pathogenesis of sepsis involves an inability of the cell to consume oxygen. Since mitochondrial molecular oxygen (O 2 ) consumption accounts for 90% of the body's O 2 usage, impaired O 2 utilization and mitochondrial dysfunction may play a key role in the pathogenesis of sepsis. Additionally, excessive oxidative stress is a feature of sepsis, and redox homeostasis may therefore be involved; consequently, therapies targeting redox abnormalities could be useful for improving the management of septic patients.
InVoLVEMEnt oF MItocHondrIAL dYSFunctIon In SEPSIS PAtHoGEnESIS
The mitochondrion serves as the central source of reactive oxygen species (ROS) in normal physiological con- to an increase in the oxidative stress levels and morbidity in sepsis [18] . Selenium-containing glutathione peroxidase also plays a role in the catalytic conversion of H 2 O 2 to water (H 2 O) [19, 20] .
As O 2 is the final receptor of electrons in the electron transport chain, measurement of oxygen consumption is a good option to assess mitochondrial function. The peripheral blood of septic patients show normal PO 2 levels even though the oxygen consumption by cells might be reduced [21, 22] . This phenomenon, known as "cytopathic hypoxia," is a condition when the septic cells are unable to utilize oxygen [23, 24] . It was previously demonstrated that, during sepsis, cellular energetic failure due to mitochondrial dysfunction is the main reason for poorer outcomes of critically ill patients [25] ; improving mitochondrion biogenesis may lead to increased patient survival [26] . The pathological effects of mitochondrial dysfunction result from the excessive production of ROS, ATP depletion, the release of proapoptotic proteins, and a disturbance in Ca 2+ homeostasis [27] . 
Elevating Endogenous Antioxidant Protein Levels
The main antioxidant proteins, including SOD, gluta- (Table 1 ). Figure 1 . Overview of the process of drawing antioxidants and reactive oxygen species (ROS) to mitochondria in sepsis. ROS production within the mitochondria destroys the redox system so that the existing antioxidants are insufficient to eliminate any overproduced ROS. Delivering antioxidants to the mitochondria and scavenging ROS are beneficial aspects of sepsis treatment. SOD: superoxide dismutase; GSH: glutathione; MnSOD: manganese-containing superoxide dismutase; TEMPOL: 4-hydroxy-2,2,6,6,-tetramethylpiperidine-1-oxyl; MitoQ: 10-(6'-ubiquinonyl)decyltriphenylphosphonium bromide; MitoVitE: mitochondria-targeted antioxidant.
Lipophilic Cation Conjugation with Small Molecule: MitoQ
The most widely used strategy to transport small molecules to the mitochondria in vivo is by conjugation of an antioxidant to a lipophilic cation [31, 32] . The construction of a lipophilic cation allows it to pass through membranes easily and gather in the mitochondrial matrix without a carrier. 10-(6'-ubiquinonyl)decyltriphenylphosphonium bromide (MitoQ; ubiquinone attached to the lipophilic triphenylphosphonium cation) has been used to protect cells from oxidative damage and apoptosis by activating ubiquinol and therefore restoring its antioxidant efficacy in the respiratory chain [33, 34] . Lowes et al. [35] first reported that MitoQ suppressed proinflammatory cytokine levels and increased anti-inflammatory cytokine levels in sepsis models, both in vitro and in vivo. Studies in humans have shown that MitoQ exerts antioxidant and anti-inflammatory effects on the leukocytes of type 2 diabetes patients by decreasing ROS production and tumor necrosis factor alpha via suppression of NF-κB activation [36] . Another study revealed that administration of MitoQ impeded endotoxin-induced cardiac dysfunction in a rat model of sepsis [37] . Assessment of MitoQ in a human phase II Parkinson disease trial confirmed that it is safe to administer to patients [38] . Nevertheless, MitoQ has not been utilized in clinical studies on sepsis. Other compounds conjugated to the triphenylphosphonium cation, such as vitamin E, peroxidase, or ebselen, also have an effect on the elimination of mitochondrial oxidative stress [39] . Further human studies
will be required to demonstrate a beneficial effect of lipophilic cation conjugates.
Mitochondria-Targeted ROS Scavengers: Hemigramicidin-TEMPOL
The mechanism of 4-hydroxy-2,2,6,6,-tetramethylpiper- survival in a rat model of hemorrhagic shock and had a greater effect than non-targeted TEMPOL [42, 43] . In cecal ligation and puncture murine models of sepsis, Mito-TEMPOL attenuated sepsis-induced acute kidney injury, decreased mitochondrial superoxide levels, improved renal microcirculation and the glomerular filtration rate, and significantly increased the rate of survival [44] .
Other Methods: Melatonin and Lipoic Acid
Melatonin, a potent antioxidant, has a higher concentration in the mitochondria than in other cellular organelles. Melatonin reduces oxidative stress by scavenging endogenous free radicals, such as the hydroxyl radical, H 2 O 2 , peroxynitrite anion, and nitric oxide [45] . Several animal studies have demonstrated that melatonin attenuates mitochondrial dysfunction in septic mice [46] and peritonitis-induced septic shock in rats [47] . Clinical studies have indicated that melatonin exerts beneficial effects in humans. Gitto et al. [48] showed that melatonin administration reduced the septic newborn death rate by decreasing the concentrations of lipid peroxidation products. In another study, melatonin had beneficial effects on sepsisinduced mitochondrial dysfunction, oxidative stress, and cytokine responses [49] . Alpha-lipoic acid is another metabolic antioxidant; its reduced form, dihydrolipoic acid, plays an important role in mitochondrial dehydrogenase reactions; directly scavenges ROS, such as superoxide radicals, hydroxyl radicals, and peroxyl radicals; and exerts an anti-inflammatory effect by inhibiting the transcriptional activator NF-κB [50] . A recent study suggested that α-lipoic acid decreases neutrophil infiltration, lipid peroxidation, protein carbonylation and increases SOD and CAT activity, which contributed to reduction in inflammation and oxidative stress in a rat model of sepsis [51] . 
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